Plasticity in plant form is achieved through differential elaboration of developmental pre-patterns during postembryonic organ development. A new report links the output of the root clock, an oscillatory transcriptional pre-patterning mechanism, with cell-type-specific production of the plant hormone auxin, and identifies a downstream component required for elaboration of the pre-pattern.
The branched architecture of a plant's root system is fundamental to its function in supporting plant productivity through both anchorage and uptake of nutrients and water. Lateral roots (LRs) are formed continuously during postembryonic plant development ( Figure 1A ), allowing for remarkable architectural plasticity in response to variable subterranean conditions. Along the root's longitudinal axis, LR formation is a sequential process that begins with establishment of a LR prepattern in which sites competent for LR formation are established by a periodic oscillation in gene expression in a region of the root termed the oscillation zone ( Figure 1A ) [1] . Although expression of many genes is reported to oscillate, periodic expression of a synthetic promoter element, DR5 (DIRECT REPEAT5), is most commonly assayed. DR5 promoter activity is commonly used as a proxy for auxin levels as it typically reports the transcriptional response auxin. However, changes in auxin levels were not found to be sufficient to account for the oscillatory gene expression or the subsequent formation of prebranch sites (sites competent for LR formation) [1] . With established roles in other phases of LR primordia development, a possible role for auxin in LR pre-patterning is alluring.
Prebranch sites are thought to progress developmentally through founder cell specification and activation in the pericycle cell layer ( Figure 1C) , with subsequent initiation and development of LR primordia [2] . Until primordia emergence, LR formation is hidden within the cell layers of another root. After several rounds of cell division, observation of primordia is relatively straightforward using microscopy; however, the earliest phases of LR formation are largely invisible. Prior to the migration of nuclei that immediately precedes initiation, distinguishing prebranch sites and LR founder cells from neighboring cells by morphology is impossible. Characterization of these early phases is complicated by the interior location of the cell type(s) involved and the scarcity of molecular reporters that provide sufficient spatiotemporal resolution. Now, a new study by Xuan et al., reported recently in Current Biology [3] , investigates the influence of the plant hormone auxin on the earliest, 'invisible' phases of LR formation. This study links synthesis of the plant hormone auxin specifically in root cap cells with output of the LR clock and demonstrates that a membrane-associated protein kinase regulator, MAKR4, is necessary for the developmental progression of prebranch sites to LR primordia.
To explore a role for auxin in LR pre-patterning the authors began by examining the oscillation of DR5: Luciferase and the numbers of prebranch sites, LR primordia and LRs in select auxin signaling and biosynthesis mutants [3] . The perception of auxin occurs through four related F-box protein family members [4] , two of which showed expression in the oscillation zone. Examination of a double mutant in these two auxin receptors showed decreased prebranch site, primordia and LR numbers. Additionally, while the frequency of the oscillation in DR5 expression was unperturbed, the amplitude of the oscillation was diminished. Following disruption of auxin biosynthesis in roots with mutations in three enzymes required for the conversion of the auxin precursor indole-3-butyric acid (IBA) into the bioactive auxin indole-3-acetic acid (IAA) [5] , similar alterations in the amplitude of the DR5 oscillation were observed. Based on the reduction in prebranch site and LR numbers observed in roots with decreased amplitude of the DR5 oscillation, the authors conclude that both aspects of the oscillation, frequency and amplitude, are necessary for LR pre-patterning.
Previous evidence had suggested that, upon IBA-to-IAA conversion, induction of auxin response occurred specifically in root cap cells [6] . In an elegant set of experiments, Xuan et al. explored the requirement for IBA-to-IAA conversion in distinct root cap cell types in LR formation. Through transactivation of a single enzyme in the mutant background, it was demonstrated that IBA-to-IAA conversion specifically in the outermost cells of the root cap rescued LR formation [3] . Intriguingly, IBA-to-IAA conversion in xylem pole pericycle cells in the oscillation zone and shootward failed to rescue LR formation. This is an unexpected result because LR founder cells are specified at this cellular position and local (intracellular) auxin synthesis has been shown to be sufficient for their specification and/or activation [7] . Together, these results support a role for auxin specifically produced in the outermost cells of the root cap in the earliest steps of LR formation and may suggest that auxin required at various points during LR formation is distinctly sourced.
A transcriptional approach was used to identify genes with putative functions in LR formation that act downstream of IBA-to-IAA conversion in the root tip. A particularly interesting gene candidate, MEMBRANE-ASSOCIATED KINASE REGULATOR4 (MAKR4), was identified in several transcriptional datasets associated with LR formation and/or auxin response [3] . Upon IBA treatment, expression of MARK4 increases, and this increase depends on IBA-to-IAA conversion enzymes. By a luciferase transcriptional reporter, MAKR4 appears weakly expressed in the oscillation zone and more strongly expressed in prebranch sites. At the cellular level, MAKR4 is expressed in protoxylem cells in the root meristem ( Figure 1B) ; then, MAKR4 protein is detected in presumptive LR founder cells prior to nuclear migration leading to LR initiation. In LR founder cells, MAKR4 localization appears predominantly at the plasma membrane faces of the two adjacent cells. In recently initiated primordia, this type of localization is also observed with MAKR4 appearing preferentially localized to the plasma membranes of adjacent primordium cells and absent from membranes adjacent to pericycle cells. After LR initiation, MAKR4 is also expressed in cell layers overlaying the developing primordia. makr4 mutant or knockdown lines have fewer LRs and primordia, but, importantly, were found to have normal prebranch site numbers.
These results support a role for MAKR4 in the developmental progression of prebranch sites toward initiated primordia. Because MAKR4 is required after prebranch site formation, but its expression appears to be downstream of IBA-to-IAA conversion, the root cap-specific IBA-to-IAA conversion may also promote this developmental progression. It is somewhat unclear whether these data suggest a sequence of events or two roles for cell type-specific IBA-to-IAA conversion in lateral root formation that are separated in space and time: the first role in modulating the amplitude of the oscillatory transcriptional mechanism of the root clock in prebranch site production and, the second, in promoting the MAKR4 expression and progression towards primordia development. Regardless, MAKR4 has the potential to serve as an important new tool for further investigation into the 'invisible' phases of LR formation.
Time is a critical parameter in LR pre-patterning [1, 8] . The periodic establishment of competent sites by the LR clock delineates a root's capacity to form LRs [9] . Interactions with the environment are proposed to impinge on this capacity and through differential outgrowth of primordia result in root system architectures that are optimized to local soil conditions. Environmental factors are known to act upon LR primordia as they progress through the development following primordia initiation [10] ; however, whether environmental factors also impinge upon LR pre-patterning or the events leading up to LR initiation remains unclear. The identification of a link between the output of the LR clock and auxin specifically synthesized at the root's periphery may provide the necessary porthole to begin addressing this question [3] . A role for the root cap in modulating root system architecture via LR outgrowth was previously proposed [11] and the recent data presented by Xuan et al. [3] advance this hypothesis. Root cap cells are located at the root-soil interface ( Figure 1B,C) , and thus, are in an optimal position to serve as sentinels in the coordination of root developmental processes with variable soil conditions.
A fundamental question that persists in regards to LR pre-patterning is how the oscillation in gene expression is translated into a specific developmental response in the xylem pole pericycle cells ( Figure 1C ). One hypothesis is that the oscillatory signal, reported by DR5 expression in the protoxylem, is transmitted outward to the adjacent xylem pole pericycle cells, thereby 'priming' them for subsequent steps in LR formation [2] . The data presented by Xuan et al. [3] show that auxin at the periphery of the root, in the outer root cap cells, is required for LR formation. Integrating these data into the model predicts that two signals, one each from a more interior and more exterior cell type, converge on the xylem pole pericycle cells to establish the distribution pattern of LRs. However, whether the convergence of these signals is required simultaneously or sequentially, the earliest phases of LR formation remains somewhat unclear. Additionally, how cells might be able to distinguish between auxin synthesized specifically in the root cap and auxin synthesized in other cell types or elsewhere in the plant is unknown.
